We evaluated the effect of the laser-induced acoustic desorption (LIAD) process on thermally stable and unstable biomolecules. We found that the thermally labile glycine molecule fragmented following desorption via LIAD, due to the production of hot molecules from the LIAD process. We furthermore observed a rise in translational temperature with increasing desorption laser intensity, while the forward velocity was invariant with respect to the desorption laser intensity for both glycine and adenine molecules. The forward kinetic energy was in the range of the surface stress energy, which supports the previously proposed stress-induced desorption model for the laser-induced acoustic desorption process.
Introduction
Laser-induced acoustic desorption [1] is a promising technique to bring thermally labile, light sensitive and non-volatile molecules into gas phase. It relies on samples being deposited as a thin layer on a metal foil, typical foil thickness of around 10 µm, which are then desorbed by irradiating the backside of the foil, i. e., the side without sample, with a nanosecond laser. As this method avoids direct contact between the desorption laser and sample, it is especially suitable for light-sensitive and labile samples and has been demonstrated for bringing biological systems ranging from amino acids [2] [3] [4] [5] , through peptides [6] [7] [8] and even entire viruses, bacteria and cells [9, 10] into the gas-phase. Such LIADbased molecule sources have been applied to mass spectrometry studies [9, [11] [12] [13] , gas-phase chemical reactions [14, 15] , and even attosecond dynamics experiments [2] [3] [4] . They are further promising largemolecule sources for use in matter-wave interferome-We have previously demonstrated and characterized our newly designed LIAD source, featuring constant sample replenishment using a tape-drive to deliver fresh sample, and prepared a high-density plume of phenylalanine [5] . We observed that increasing the pulse energy of the desorption laser leads to increased fragmentation, as well as a significant increase in the translational temperature of desorbed molecules. In this contribution we investigated how the LIAD source parameters, such as desorption laser intensity and desorption-ionization timing, affected the produced molecular plume for thermally stable and thermally unstable biological molecules, using adenine and glycine as prototypical examples [20, 21] . Our results confirmed the previous assignment of a desorption model based on surface stress on sample islands deposited on the foil, as evidenced by the combination of an invariance of the molecular plume velocity on the desorption laser intensity, but an increase of the translational temperature [5, 22] . For the thermally labile glycine sample we found significant further fragmentation during the propagation in the vacuum chamber following desorption. These molecules were found to possess translational temperatures well above the decomposition threshold. If there is a full thermalization of internal and external degrees of freedom, which seems reasonable given the involved microsecond timescale desorption process, this would explain the observed fragmentation.
Experimental method
Detailed descriptions of our experimental setup and sample preparation method were given before [5] . Briefly, samples were deposited on the front surface of a 10 µm thick, 10 mm wide and 1 m long tantalum foil band. In order to create a stable coverage of sample on the foil, sample was aerosolized using a gas-dynamic virtual nozzle (GDVN) [23, 24] and this aerosol deposited on the foil, where it sticks and rapidly dries out. The surface coverage of adenine and glycine on the foil was around 600 nmol/cm 2 and 400 nmol/cm 2 , respectively, as determined by weighing foil bands before and after sample deposition. To desorb molecules, the back surface of the foil was irradiated by a 355 nm laser pulse with 8 ns duration at a repetition rate of 20 Hz, focused to a spot size of around 300 µm (FWHM) on the foil. Sample was constantly replenished during operation by forwarding the foil band with a velocity of ∼ 50 µm/s. Desorbed molecules were ionized using strong-field ionization (SFI) induced by a focused femtosecond (40 fs) Ti:Sapphire laser focused to a spot size of around 100 µm, corresponding to typical field strengths of 4 × 10 13 W/cm 2 . Produced ions were detected by a linear time-of-flight mass spectrometer (TOF-MS).
Results and Discussion
Typical time-of-flight mass spectra of adenine and glycine desorbed via LIAD are shown in Figure 1 and are compared to literature spectra obtained using electron-impact ionization of thermally evaporated samples [25] . Both spectra were normalized to their respective dominant ion peak, i. e., the parent ion peak at 135 u for adenine and the dominant fragment peak at 30 u for glycine. The adenine spectra clearly demonstrate the production of intact adenine in the gas-phase using LIAD, with very little fragmentation. For glycine, however, strong fragmentation was observed for both LIAD and the reference spectrum. Nonetheless, using LIAD combined with SFI a significant contribution from intact glycine was present. The mass spectra showed no m/z Norm. signal (arb. unit) Figure 1 : Mass spectrum of adenine and glycine recorded using strong-field ionization with a field strengths of 4 × 10 13 W/cm 2 (blue) and electron impact ionization (red) [25] . Both are normalized to the dominant mass-to-charge ratio peak.
evidence for the formation of molecular clusters or ablation of metal atoms or clusters from the foil band [5] .
In order to investigate how the desorption laser intensity affects the fragmentation behavior for thermally stable and labile molecules, respectively, we collected mass spectra for adenine and glycine under different desorption laser intensities. Molecules were ionized using SFI 4.5 mm behind the foil band. Figure 2 a,c show the respective parent and dominant fragment ion yields as a function of desorption laser intensity. These data were fit with a power-law dependence of the form A × x n , and all ion channels showed a corresponding increase with increasing laser intensity. Figure 2 b,d shows the fragment-toparent ratios for adenine and glycine as a function of desorption laser intensity and we observed only a slight linear increase in fragmentation as the desorption power is increased. Both thermally stable and unstable molecules, therefore, behave similar with increasing desorption laser intensity, confirming the non-thermal nature of the desorption process. To investigate whether further fragmentation occurred after desorption, i. e., during propagation of the molecular plume through the vacuum chamber, we recorded mass spectra at different distances behind the foil band. At each distance the delay between ionization laser and desorption laser was changed, such that we always probed the highest density part of the plume, i. e., we followed the peak of the plume as it travels. This data is shown in Figure 3 a,b, where we plot the fragment-to-parent ratio for distances of 0.5-12.0 mm between the foil band and the interaction point. Figure 3 a shows the behavior for adenine, using the dominant fragment at 108 u, corresponding to the loss of -CNH from intact adenine. We observed a decrease of the fragment-to-parent ratio with distance from foil band, indicating that the peak number density of fragments decreased relatively to the adenine parent. At the same time the absolute densities for parent and fragment should decrease with increasing distance. We attribute the observed behavior to different relative velocity distributions for fragments and intact molecules. Fragments appear to be traveling at higher velocities, likely due to the additional kinetic energy released in the fragmentation process, leading to the observed decrease in the fragmentto-parent ratio of adenine with increasing distance from the foil band. This indicates that there was no further fragmentation of adenine during propagation.
The behavior observed for glycine is markedly different, as shown in Figure 3 b. Here, the relative population of the dominant fragment at 30 u increased during propagation, indicating that further fragmentation occurred during free flight of the molecules through the chamber. We note that one might expect fragments and intact glycine to propagate at different velocities, as observed for adenine, such that the fragmentation during propagation might be even more significant than the data in Figure 3 b suggests. These two competing effects also explain the unclear variation in a corresponding measurement of the fragmentation during propagation of phenylalanine following LIAD [5] . The different behavior for adenine and glycine suggests a thermal decomposition during free flight propagation as the origin of the enhanced fragmentation. This will be investigated further below, where we asses the translational temperature of desorbed molecules.
In order to evaluate the translational forward ve- locity and translational temperature of the plume, we recorded mass spectra for different ionizationdesorption laser delays and at different distances from the foil. These data, shown in Figure 4 , were then modeled by a Maxwell-Boltzmann distribution convoluted with the initial temporal distribution from the LIAD process [5] . The shown data was recorded for a desorption laser fluence of 0.48 J/cm 2 , profiles for other fluences are shown in the supplementary materials. All experimental data were fitted globally for all propagation distances with a common temperature T and forward velocity v 0,z . The resulting fit is shown as solid lines in Figure 4 . The extracted forward velocity and translational temperature for different desorption laser intensities are summarized in Table 1 . We found that the forward velocity of both, adenine and glycine, plumes was invariant with respect to desorption laser intensity, as previously observed for other molecules [5, 22] . Similarly we confirmed the previous finding that the translational temperature increases with desorption laser intensity, for both, adenine and glycine. However, while the former only shows a very modest increase over the laser fluence range investigated, the glycine translational temperature was found to increase significantly. For all but the lowest desorption fluence, the extracted translational temperature for the glycine plume was above its thermal decomposition temperature, which is on the order of ∼485 − 513 K [21] . The translational temperatures for adenine, however, were much below its decomposition temperature of 582 K [20] . While we have no definitive explanation for the differences in observed translational temperature, we speculate that this is due to different thermal properties, such as heat transport, from the metal foil to the sample during the desorption process. Furthermore, we note that the different thicknesses of the sample layers will influence this. Nonetheless, these results rationalize the observed fragmentation behavior following desorption from the foil band shown in Figure 3 : the thermally unstable glycine fragmented further, while for adenine no additional fragmentation was observed.
The observation of a constant plume velocity, but increasing translational temperature, as well as only a modest increase in fragmentation with increasing desorption laser fluence, is a clear indicator for a des- orption process based on surface stress between the substrate and the deposited sample [5, 22] . The forward velocity of the molecular plume, i. e., its kinetic energy, is hence determined by material properties of the substrate and sample. From our measurements we extracted a forward kinetic energy, based on the average velocity, of around 90 meV for adenine and 45 meV for glycine. This is consistent with the previously observed kinetic energy for phenylalanine under identical conditions, around 50 meV [5] , and within the range of simple estimates of the stress energy of 25-100 meV [22, 26] . The kinetic energy of desorbed molecules is essentially a measure of the interaction energy between the deposited molecules and the metal foil. In a very qualitative picture it is easy to rationalize how adenine with its highly delocalized π-system has a stronger interaction with a metal surface than glycine, with phenylalanine somewhere between the two.
Conclusion
We demonstrated the use of LIAD for the production of gas-phase samples of adenine and glycine, prototypical examples of thermally stable and unstable biological molecules, respectively. We showed that the high translational temperatures of molecules following desorption correlate with further fragmentation of thermally unstable systems as they travel through the vacuum chamber, indicating a strong coupling between internal and external degrees of freedom in the desorbed samples. Measurements of the translational temperature and molecular velocity distributions confirmed this, and showed that indeed glycine is produced with a temperature in excess of its decomposition threshold. The invariance of forward velocities on the desorption laser power further confirmed a desorption model based on surface stress between substrate and sample.
The additional fragmentation of molecules could be avoided if they were rapidly cooled down, for example using buffer-gas cells [27] or entrainment in cold molecular beams, as is commonly done in direct laser desorption [28] . Such experiments are underway in our laboratory and such a cold beam of intact large molecules would enable novel experiments, from controlling large molecules with external fields [29, 30] to direct diffractive imaging of single molecules in the gas-phase [18, 19] .
